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If the symmetry breaking inducing the axion occurs after the inflation, the large axion isocurvature
perturbations can arise due to a different axion amplitude in each causally disconnected patch. This
causes the enhancement of the small-scale density fluctuations which can significantly affect the
evolution of structure formation. The epoch of the small halo formation becomes earlier and we
estimate the abundance of those minihalos which can host the neutral hydrogen atoms to result in
the 21cm fluctuation signals. We find that the future radio telescopes, such as the SKA, can put
the axion mass bound of order ma & 10
−13 eV for the simple temperature-independent axion mass
model, and the bound can be extended to of order ma & 10
−8eV for a temperature-dependent axion
mass.
I. INTRODUCTION
There can exist many symmetries in the early Universe even though they are broken in the current Universe, and it
would be of great interest to seek the signals associated with those symmetries to unveil the nature of the Universe’s
evolution. An intriguing possibility is the existence of pseudo-Nambu-Goldstone bosons (pNGB) which can arise in
the early Universe when a continuous global symmetry is spontaneously broken. An example includes the Peccei-
Quinn (PQ) symmetry which was introduced to solve the strong CP problem in the QCD, and the axion arises as a
pNGB which can also be a potential dark matter candidate. More generally, the axion-like particles where the mass
and coupling are treated independently have gained the growing interests for their cosmological implications such as
the small scale structure formation by the fuzzy dark matter [1–26]. We call such a U(1) global symmetry the PQ
symmetry and the associated pNGB the axion in this paper, and we study the effects of the axion dark matter on the
21cm fluctuations when the PQ symmetry is broken after the inflation.
A characteristic feature of the post-inflationary PQ symmetry breaking scenarios is the existence of the large
isocurvature perturbations. Even though there are tight bounds on the isocurvature perturbations from the current
cosmological observables such as the CMB and Lyman-α forest, there still remains a room for the large isocurvature
component at small scales which can affect the formation of small halos [27–37]. We discuss the 21cm probes on
such isocurvature perturbations by the forthcoming radio surveys such as the SKA (Square Kilometer Array) [38].
The hydrogen is the most abundant element in the Universe and the 21cm emission/absorption signals due to the
neutral hydrogen can offer us a promising probe on the small scales far beyond those currently accessible by the other
means. In particular, the minihalos are the biased tracers of the underlying matter density fluctuations and they can
host the dense neutral hydrogen atoms to enhance the 21cm signals [39–41]. An advantage of the use of minihalos
is their small sizes which enables us to probe the scales down to of order k ∼ 103/Mpc, and the applications to
probe such small scales include the studies of the warm dark matter and the primordial non-Gaussianity besides the
axions in the post-inflationary PQ breaking scenarios to be discussed in this paper [42–47]. While the current bounds
on the axion mass are of order ma & 10
−20 eV using the CMB and ma & 10
−17 eV from the Lyman-α forest for
the temperature independent axion mass scenarios [34–36], our study on the 21cm fluctuations from the small halos
predicts the extension of those sensitivities to ma & 10
−13eV.
We first discuss the nature of isocurvature perturbations in the post-inflationary PQ symmetry breaking scenarios
in §II. §III outlines the formalism to estimate the 21cm angular power spectrum from the minihalos. §IV presents
the likelihood analysis by the Fisher matrix calculations and §V discusses the corresponding axion mass parameter
ranges the future 21cm fluctuation signals can be sensitive to, followed by the discussion/conclusion in §VI.
II. ISOCURVATURE DENSITY FLUCTUATIONS IN POST-INFLATIONARY PQ SYMMETRY
BREAKING SCENARIOS
We study the scenarios where the PQ symmetry breaking occurs after the inflation, for which the characteristic
feature is the existence of large isocurvature perturbations dominating the conventional adiabatic perturbations at
small scales. We consider the potential for a PQ scalar field φ given by V (φ) = λ(|φ|2 − f2a/2)2 for which φ settles
down at a minimum |φ| = fa/
√
2 when the global U(1) symmetry is spontaneously broken. We assume each causally
disconnected horizon patch possesses a randomly distributed phase θ ∋ [−π, π] for φ = |φ|eiθ and identify the angular
2component a ≡ faθ as an axion with an axion decay constant fa. The axion later can obtain the mass ma non-
perturbatively and this leads to the axion potentialm2aa
2/2. Because of the randomly distributed θ, the energy density
(∝ θ2) in each horizon patch is different and can lead to the large density perturbations over different horizons. The
perturbations are smoothed out inside the horizon scale due to the gradient term in the Lagrangian (Kibble mechanism
[48]), so that we model the initial axion isocurvature perturbations when the axion starts oscillation as the white noise
power spectrum with the comoving horizon scale kosc = aoscHosc as a cutoff scale
Piso(k, tosc) = P0Θ(kosc − k), P0 = 24
5
π2
k3osc
(1)
where Θ is the Heaviside function. The normalization factor P0 is from the relation for the variance σ
2 ≡ 〈δ2a〉 =
(2π)−3
∫
P (k)d3k where the initial axion density is of order unity 〈δ2a〉 = 4/5 ( δa ≡ (ρa − ρ¯a)/ρ¯a) for a randomly
distributed θ (we used ρa ∝ θ2, 〈θ2〉 = π2/3). The total matter power spectrum we consider in our study is hence the
sum of the conventional adiabatic perturbations (presumably originated from the inflation) and the axion isocurvature
perturbations [26, 49]
P (k, z) = Pad(k)D
2(z) + Θ(kosc − k) 24π
2
5k3osc
(
D(z)
D(z∗)
)2 (
1 + zeq
1 + z∗
)2
(2)
where D is the growth factor, z∗ is an arbitrary redshift deep in the matter domination epoch and zeq is the redshift at
the matter-radiation equality. The axion starts oscillation (when the axion mass becomes comparable to the Hubble
scale) during the radiation dominated epoch in our scenarios. The small logarithmic growth of fluctuations during the
radiation epoch does not affect our discussions, and we approximate the axion density fluctuation amplitude at the
matter-radiation equality as that when the axion starts oscillation [26, 27, 29, 50] 1. We assume the axion constitutes
the whole cold dark matter in the Universe unless stated otherwise (we briefly discuss the partial axion dark matter
scenarios at the end of the paper).
In the presence of such large isocurvature perturbations at small scales, the formation of small structures can occur
earlier as illustrated in Fig. 1 which shows the abundance of halos as a function of the halo mass [52] (the mass
function in this figure shows the proper number density rather than the comoving number density). The minihalos of
our interest are the virialized halos with the mass O(104 ∼ 107)M⊙ (the more precise redshift dependent mass range to
be given in the next section) which are filled with the neutral hydrogen atoms. The halo number density for our axion
scenarios is much bigger than that for the scenarios without axions at z = 100 because the isocurvature perturbations
can dominate the adiabatic perturbations at a small scale and those small halos are produced much earlier than those
for the conventional adiabatic scenarios. At z = 50, the minihalo abundance for the axion scenarios still far exceeds
that for the adiabatic scenarios, while the abundance of larger halos for adiabatic perturbation scenarios match with
that for the axion scenarios because the adiabatic perturbations dominate the isocurvature perturbations at large
scales. At z = 10, for the axion scenarios, the small mass halo abundance is already saturated in the hierarchical
structure formation process while the merging of those small halos into the larger ones can increase the larger mass
halo abundance.
As a promising probe on the small scale structures at a high redshift, we discuss the 21cm fluctuation signals form
the minihalos at a high redshift (before the completion of reionization z & 6) in the following sections.
III. 21CM ANGULAR POWER SPECTRUM FROM MINIHALOS
We first briefly review the estimation of 21cm fluctuations from minihalos [39, 40, 45]. The minihalos of our interest
are the virialized halos of dark and baryonic matter with the mass range O(104)M⊙ . Mhalo . O(107)M⊙ which are
filled with the neutral hydrogen atoms. The additional power at small scales leads to the earlier minihalo formation
as discussed in the last section. The neutral hydrogen atoms in the minihalos can be hot and dense enough to emit
the observable 21cm line spectra. We study the angular fluctuations in this 21cm background to probe the small-scale
structures of the Universe. The minimum and maximum minihalo masses of our interest are redshift dependent, and
we use, for the minimum mass, the baryon Jeans mass [53]
Mmin(z) = 5.7× 103
(
Ωmh
2
0.15
)−1(
Ωbh
2
0.02
)−3/5(
1 + z
10
)3/2
M⊙ (3)
[1] Even though the initial isocurvature fluctuations are of order unity in our scenarios, it would be also worth exploding whether or not
the initial fluctuations can exceed far beyond order unity in a realistic axion model (see for instance Ref. [28, 51]).
310-10
10-5
100
105
1010
101 102 103 104 105 106 107 108 109 1010
dn
/d
ln
M
 [M
pc
-
3 ]
M [M
O•
 ]
kosc=5x10
3/Mpc: z=100
z=50
z=10
No axion : z=100
z=50
z=10
FIG. 1: The halo mass functions dn/dlnM [Mpc−3] as a function of the halo mass M [M⊙] for the adiabatic plus
axon isocurvature perturbations (kosc = 5000/Mpc) and those for the adiabatic perturbations alone.
and the maximum mass is
Mmax(z) = 3.95× 107
(
Ωmh
2
0.15
)−1/2(
1 + z
10
)−3/2
M⊙ (4)
which corresponds to the virial temperature Tvir = 10
4 K below which the atomic cooling is inefficient for the star
formation [40, 53, 54] 2. The minihalos of our interest are hence not large enough to host a galaxy or even stars
which can source the ionization because we are interested in the neutral hydrogen.
The brightness temperature along the line of sight with a distance r from the halo center reads
Tb(r) = TCMBe
−τ(r) +
∫ τ(r)
0
TSe
−τ ′dτ ′ (5)
where τ(r) is the optical depth of neutral hydrogen through the halo, and TCMB, TS are the CMB temperature and
the spin temperature inside the halo [55–57]. The collisional excitation of the neutral hydrogen can be efficient inside
the virialized halo where the gas can be nonlinear and hot enough for the gas collisions to dominate the excitation by
the CMB photons. In our scenarios under consideration, therefore, the spin temperature is strongly coupled with the
gas kinetic temperature exceeding the CMB temperature, TS ≈ Tk > TCMB [39, 54].
We here derive the estimation for T b, the averaged brightness temperature from all the minihalos of our interest. Tb
is related to the specific intensity of a blackbody radiation in the Rayleigh-Jeans limit (the relevant frequencies are
[2] We leave a more detailed estimation for the relevant halo mass range for the future work. It would require the numerical simulations
taking account of the reionization and the radiative feedback, which for instance could enhance the baryon Jeans mass. We also point
out that the axion dark matter Jeans scale inside which the quantum pressure prevents the fluctuation growth (corresponding to the de
Broglie length scale of the axion dark matter) is smaller than the cutoff scale kosc of our interest and hence can be safely neglected in
our analysis [9–11, 14, 16, 24, 26].
4much smaller than the peak frequency of the CMB blackbody) by the relation 3
dF
dνdΩ
=
2ν2
c2
kBTb(ν) (6)
The line-integrated flux F from a halo is obtained by the flux calculated for ν = ν0 (ν0 = 1.4 GHz is the 21cm line
in a rest frame) multiplied by the effective line-width and the solid angle
F =
∫
dνdΩ
dF
dνdΩ
= ∆Ω∆νeff
dF
dνdΩ
∣∣∣∣
ν0
= ∆Ω∆νeff
2ν20
c2
kBTb,ν0 (7)
where ∆Ω = A/D2A is the solid angle subtended by a halo (the geometric cross section A = πr
2
halo for a halo
of mass M and radius rhalo), the angular diameter distance DA = Dc/(1 + z) (Dc is the comoving distance),
∆νeff = [φ(ν0)(1 + z)]
−1 is the effective redshifted line width with the thermal Doppler broadened line profile
φ(ν) = (∆ν
√
π)−1 exp
(−[(ν − ν0)/∆ν]2) and ∆ν = (ν0/c)√2kBTgas(z)/mH [46].
The averaged intensity from all the minihalos within a given solid angle and a given frequency interval is
dF
dνdΩ
dνdΩ =
∫
dM
dn
dM
〈F 〉dV (8)
where dV = D2cdDdΩ is the differential comoving volume and 〈F 〉 represents the flux averaged over the geometric
cross section of a halo A
〈F 〉 = 1
A
∫
dAF (9)
We hence obtain the average differential flux per frequency per solid angle
dF
dνdΩ
=
c(1 + z)2
ν0H(z)
D2c
∫
dM〈F 〉 dn
dM
(10)
where we used dDc/dz = c/H(z), |dν/dz| = ν0/(1 + z)2. We then finally obtain the averaged brightness temperature
[40]
T b =
c2
2ν20kB
dF
dνdΩ
=
c(1 + z)4
ν0H(z)
∫ Mmax
Mmin
∆νeff 〈Tb,ν0〉A
dn
dM
dM (11)
The properties of the minihalo such as the gas density profile determine A, φ(ν0), 〈Tb〉 to give us the estimation of
21cm emission flux. We follow the calculations in the truncated isothermal sphere given in Refs [39, 54] where the
minihalo profile is modeled by a non-singular truncated isothermal sphere in virial and hydrostatic equilibrium and the
internal structure of a halo is characterized by the total mass M and the collapse redshift. The observed differential
brightness temperature from a halo with respect to the CMB is
∆Tb =
〈Tb〉 − TCMB(z)
1 + z
(12)
where z is the redshift at the emission from a minihalo, and the corresponding averaged brightness temperature follows
from the above derivation as
∆T b =
c(1 + z)4
ν0H(z)
∫ Mmax
Mmin
∆νeff 〈∆Tb,ν0〉A
dn
dM
dM (13)
The minihalos are the tracers of the underlying matter distribution, and the minihalo clustering can be related to
the underlying density fluctuations through the bias factor. We hence apply the conventional bias formalism based
[3] In the radio astronomy, we conventionally use the brightness temperature Tb instead of the observed intensity Iν = dF/dνdΩ (the flux
per unit frequency per solid angle).
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FIG. 2: The 21cm angular power spectra at z = 10, Cl(z = 10), and the cross power spectra C
cross
l (z1, z2) between
the redshift bins z = z1 and z = z2 (two examples of (z1, z2) = (10, 10.1) and (10, 10.5) are shown). The absolute
values |Cl| are shown in this log plot. The cross power spectrum amplitudes decrease for the redshift binds with a
larger redshift difference.
on the halo models [58] to express the 21cm line fluctuations (fluctuations in the differential brightness temperature)
from the minihalos in the direction nˆ as
δT21cm = ∆Tb(z)b¯(z)δ(~x = r(z)nˆ, z) (14)
where δ(~x, z) is the matter density fluctuations at the comoving coordinate ~x with the comoving distance r(z) from
us to the redshift z. b¯(z) is the flux-weighted effective bias averaged over the mass function
b¯(z) =
∫Mmax
Mmin
dM dndMF(z,M)b(M, z)∫Mmax
Mmin
dM dndMF(z,M)
(15)
where F(= 〈δTb〉AσV with the velocity dispersion of a minihalo σV ) is the flux from a minihalo [39, 46, 59] and
b(M, z) is the halo bias of Ref. [60].
We expand the brightness temperature fluctuations in terms of the spherical harmonics with the multipole moments
a21cmlm (z) =
∫
dnˆδT21cm(nˆ, z)Y
m∗
l (nˆ) (16)
and the angular power spectrum is
C21l (z, z
′) = 〈a21lm(z)a21∗lm (z′)〉 = ∆Tb(z)∆Tb(z′)b¯(z)b¯(z′)Cmatterl (17)
Cmatterl (z, z
′) = D(z)D(z′)
∫
k2dk
2π2
P (k)jl(kr(z))jl(kr(z
′)) (18)
D, jl are the growth function and spherical Bessel function, and the matter power spectrum P (k) is defined as
〈δkδ∗k′〉 = (2π)3δ(k− k′)P (k) in terms of the matter fluctuation in k space δk.
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FIG. 3: ∆Tb(z)[mK] and b¯(z) for the adiabatic plus axion isocurvature perturbations (kosc = 5× 103/Mpc) and for
no axion (only adiabatic perturbations) scenarios.
One would expect that the amplitude for the cross correlation among the different redshift bins would become
smaller as the redshift difference becomes larger, which is verified in Fig. 2 illustrating the the 21cm angular power
spectra C21l at z = 10. We take the frequency width dν = 1MHz in our calculations (or equivalently the redshift bin
width dz = (1MHz/1.4GHz)(1 + z)2). The 21cm angular power spectrum is proportional to the underlying matter
power spectrum which has a peak at the scale corresponding to the matter-radiation equality. Hence, analogously
to Cmatterl , C
21
l also decreases for l & 100. ∆Tb includes the integration of the mass function over the halo mass,
and ∆Tb becomes larger for a bigger abundance of minihalos. We also show the redshift dependence of ∆Tb and
b¯ in Fig. 3. They have different redshift dependence and they are also different from the redshift dependence of
Cmatterl which evolves according to the growth function (proportional to the scale factor in the matter domination
epoch D(z) ∝ R(z)). We hence expect the 21cm tomographic data from multiple redshift bins would be of great help
in the cosmological parameter estimation as discussed in the next section. We also note that the axion isocurvature
fluctuations enhance the small scale structures at a high redshift and the bias consequently is smaller for axion
scenarios. There are less small structures for no axion scenarios at an earlier time, and hence the overdense regions
are rarer and more biased.
Using the estimation of the 21cm fluctuation power spectra outlined in this section, we in the following sections
attempt to find the range of kosc to which the forthcoming 21cm fluctuation signals are sensitive, followed by the
discussions on the axion models relevant for such an observable kosc range.
IV. FORECASTS
We study how precisely the future 21cm fluctuation observations can constrain the axion properties, and we briefly
outline the Fisher matrix analysis. The Fisher matrix for the angular power spectra is given by
Fij =
∑
ℓ
2ℓ+ 1
2
fskyTr
[
∂Cℓ
∂pi
(~p)C˜−1ℓ (~p)
∂Cℓ
∂pj
(~p)C˜−1ℓ (~p)
]
(19)
7where C˜ℓ = Cℓ+Nℓ is the sum of signal and noise power spectra [61, 62]. ~p is the vector consisting of the cosmological
parameters {pi}.
We estimate the noise power spectrum for the 21cm fluctuations, assuming the Gaussian beam window function,
as [63, 64]
N21l = ∆
2
21θ
2
b exp
(
l(l+ 1)
θ2b
8 ln 2
)
(20)
where θb is the beam width and ∆21 is the telescope noise
∆21 =
λ2
Atotθ2b
Tsys√
∆νt
(21)
where λ = 21(1 + z) cm, Atot is a total effective area, t is the observation time and ∆ν is the bandwidth. We
also included the effect of beam smearing by the Gaussian window function, so that the maximum multipole in our
estimation scales as lmax ∝ 1/θb. We use Tsys ∼ Tsky ∼ 180(ν/180MHz)−2.6 K in our estimation [64–66] indicating
that the synchrotron emission foreground dominates the signal for a low frequency, and the redshift integration in our
calculations is limited to the maximum redshift zmax = 20 (as well as zmin = 6 representing the end of reionization
epoch).
Analogously, for the CMB, NT,El = (θFWHM∆T,E)
2 exp
[
l(l + 1)θ2FWHM/8 ln2
]
with ∆ representing the sensitivity
of each frequency channel to the temperature/polarization and the corresponding noise power spectra for multiple
channels are given by adding each channel contribution as Nl =
[∑
ν N
−1
l,ν
]−1
[62, 67].
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Our goal of this section is to find the kosc values which the 21cm signals from the minihalos can probe. The
amplitude of the isocurvature perturbations is proportional to k−3osc and too small values of kosc are already tightly
bounded from the current large scale structure data. For instance, the CMB can give a bound kosc & 30/Mpc and
the current Lyα forest demands kosc & 10
3/Mpc [34–36]. Motivated by these current bounds, our study focuses on
the relatively large kosc & 10
3/Mpc for which we currently lack the bounds and the forthcoming 21cm fluctuation
observations can be a promising probe. We are, in particular, interested in how big a value of kosc can be measured
by the 21cm signals and consequently the maximum value of the axion mass the future 21cm observations can probe.
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minihalo masses of our interest at z = 10 (given by Eqs. (3, 4)).
Fig. 4 shows the 1σ errors for a given fiducial kosc value, where the other six ΛCDM parameters (the fiducial
values are CDM density Ωch
2 = 0.12, the baryon density Ωbh
2 = 0.022, the reionization optical depth τreion = 0.056,
the spectral index and the amplitude of the adiabatic power spectrum ns = 0.97, As = 2.1 × 10−9 and the reduced
Hubble parameter h = 0.7) are marginalized over. The axion is assumed to constitute the whole dark matter of the
Universe. For the 21cm, we assumed the SKA-like and FFTT(Fast Fourier Transform Telescope)-like specifications
(the total effective area Atot [m
2], the band width ∆ν[MHz], the beam width ∆θ[arcmin], the integration time t [hrs]
are (Atot,∆ν,∆θ, t) =(10
5, 1, 9, 103) for SKA and (107, 1, 9, 103) for FFTT) [38, 68]. For the CMB, we assumed the
Planck-like specifications (the beam width (9.9,7.2,4.9) [arcmin], the temperature noise (31.3, 20.1, 28.5)[µK arcmin]
9and the polarization noise (44.2, 33.3, 49.4)[µK arcmin] respectively for the band frequency channels of (100, 147,
217)[GHz]) [69]. Adding the CMB data improves the precision of kosc by lifting the parameter degeneracies, but we
find the 21cm power spectra alone can also give the precise measurements because of the tomographic information
from different redshifts. We also found the unmarginalized errors for kosc (i.e. fixing the other parameters besides
kosc) are smaller by more than an order of magnitude (for instance, for the fiducial value kosc = 5 × 103/Mpc, the
unmarginalized errors σ(kosc)/kosc = 0.01% and 0.005% respectively for SKA and FFTT to be compared with the
marginalized errors of 0.16% and 0.10%). This can be expected because of the non-trivial parameter degeneracies,
and the degeneracies between ΩCDMh
2 and kosc are illustrated in Fig. 5 assuming the SKA and CMB data. The
other five parameters are marginalized over in these 1σ error contours. While the decrease of minihalo abundance
due to the variation of kosc can be compensated by the increase of ΩCDM , the slopes of the 1σ error contours in these
figures change because of the non-trivial dependence of the mass function on kosc as illustrated in Fig. 6 (where the
relevant minihalo mass range (given in Eqs. (3,4)) are also indicated). The smaller kosc gives the larger isocurvature
fluctuation amplitude ∝ k−3osc at a larger scale, and the abundance of a larger halos consequently could be enhanced.
The larger kosc on the other hand can let the isocurvature perturbation with a cutoff scale kosc extend up to a smaller
scale, so that the small halo formation can occur at an earlier epoch and the larger halo abundance consequently can
be enhanced due to the those small halos’ assembling to form the larger ones. We hence can expect there exists the
optimal kosc which our 21cm signals from the minihalos can measure most precisely, and we found that our 21cm signals
would be most sensitive to around kosc ∼ 5×103/Mpc as illustrated in Fig. 4. We also found the 1σ error σ(kosc)/kosc
exceeds unity for kosc > 1.2× 105/Mpc for the SKA with the CMB, and for kosc > 1.4× 105/Mpc for the FFTT with
the CMB. We in the following attempt to find the maximum axion mass corresponding to kosc < 1.2 × 105/Mpc as
the axion mass range which can be probed by the forthcoming 21cm fluctuation observations.
V. AXION MASS PROBED BY THE 21CM FLUCTUATIONS
We have found, from the Fisher matrix analysis in the last section, that the 21cm fluctuations from the minihalos
can probe kosc < 1.2× 105/Mpc, and we here discuss the axion parameters which can cover such a kosc range.
The temperature dependent axion mass is conventionally parameterized as ma = m0(T/µ)
−n for T > µ. µ
represents a strong coupling scale which we parameterize as µ =
√
ma0fa.
4 The axion mass ma(T < µ) ≡ ma0 is
temperature-independent for T < µ [70–72]. We treat the temperature independent mass ma0 as a free parameter
and fa is determined from the requirement that all the dark matter consists of the axion. The model-dependent
parameter n represents the sensitivity of the axion mass on the temperature. The conventional QCD dilute instanton
gas model, for instance, gives n = 4 while the lattice QCD simulations give a slightly smaller value [70, 73, 74]. We
simply treat n as a free parameter in the range n ≤ 10 when we relate kosc to ma0.5 kosc = R(Tosc)H(Tosc) (R is a
scale factor) is defined as the comoving horizon scale when the axion starts oscillation specified by the temperature
satisfying ma(Tosc) = 3H(Tosc). The oscillation starts deep in the radiation era for our scenarios because we are
interested in the axion mass range ma0 ≫ H(Teq) ∼ 10−28eV. kosc is shown in Fig. 7 as a function of ma0, where
we used Ref. [80] for the temperature evolution of the effectively massless degrees of freedom in the standard model.
The horizontal line indicates our 1σ sensitivity from the SKA kosc < 1.2 × 105, which then means from this figure
that the 21cm observations can probe axion mass up to ma0 ∼ 9.5 × 10−14 eV for n = 0. This can well exceed the
maximum mass probed by the other means, notably the CMB which can have the sensitivity up to ma0 ∼ 10−20eV
and the Lyα forest with the sensitivity up to ma0 ∼ 10−17eV [34–36]. Our study can be also complimentary to
the 21cm forest observations which can probe up to the comparable mass scale ma ∼ 10−12 eV [37].The axon mass
range sensitive to the 21cm forest can be comparable to our studies because the 21cm forest observations also look
at the signals from the minihalos, namely the 21cm absorption lines in the spectra emitted from the radio bright
sources. The 21cm fluctuations could be however better than the 21cm forest for the precision on the axion parameter
determination because of the better statistics by the tomographic information from many redshift bins, unless there are
abundant observable radio loud sources at a high redshift for the 21cm forest observations. For a stronger temperature
dependence, the detectable axion mass ma0 can be even bigger. For n = 4, it extends to ma0 ∼ 3.4× 10−10 eV and,
for n = 10, we can probe up to ma0 ∼ 1.2× 10−8eV.
[4] µ is a model dependent parameter and could also depend on the UV completion and dark sector models (for instance, for the QCD
axion model, µ ∼ ΛQCD ∼ 2.5
√
mafa ∼ 200 MeV) [26, 50].
[5] See for instance Refs. [26, 34, 36, 50, 75–79] discussing the axion cosmology for n = 0 up to n = 20.
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FIG. 7: The comoving horizon scale kosc = R(Tosc)H(Tosc) when the axion oscillation starts as a function of ma0. n
represents the temperature dependence of the axion mass. The horizontal line indicates the maximum
kosc = 1.2× 105/Mpc below which kosc can be measured by the 21cm signals within 1σ confidence level.
VI. DISCUSSION/CONCLUSION
We have so far assumed the total dark matter consists of the axion, and we here briefly mention the fractional
axion dark matter scenarios. Those partial axion dark matter scenarios can be studied in analogy to the total axion
dark matter scenarios by scaling the axion isocurvature perturbation power spectrum by a factor (Ωa/ΩCDM)
2.
Fig. 8 shows the marginalized 1σ errors σ(kosc)/kosc (marginalized over the other six ΛCDM parameters) when the
axion fraction is fixed to 10% (ra ≡ Ωa/ΩCDM = 0.1). Because of the smaller isocurvature perturbation contributions
compared with the total axion dark matter scenarios, the errors of kosc in general tend to become bigger. There is
a slight difference in the dependence of σ(kosc)/kosc on kosc for a relatively small kosc ∼ 103 between ra = 1 and
ra = 0.1 scenarios. Such a different scale dependence is caused again by the evolution of the mass function which is
affected by the amplitudes of isocurvature perturbations. The epoch when the small halo formation gets saturated
(hence does not change the mass function slope anymore) for ra = 1 is earlier compared with the partial axion dark
matter scenarios (the saturation occurs for the peak height ν = δcrit/σ(M)≪ 1 so that the mass function possesses
a conventional power law slope). Such a non-trivial evolution of the mass function is reflected in the different scale
dependence of the kosc error.
We note that the minihalos could be susceptible to the X-ray heating [56], and the bounds would be weakened in
existence of the efficient IGM (intergalactic medium) heating because the baryon Jeans mass increases. While our
analysis applies to the scenarios with a low IGM temperature and the current data still cannot exclude the relatively
low IGM temperature scenarios (TIGM ∼ O(1 ∼ 10)K at z ∼ 10 depending on the unknown ionization state of the
IGM [81–83]), the gas temperature evolution history can be heavily model dependent (such as the properties of early
heating sources) and we leave the more detailed analysis for future work including the scenarios with efficient gas
heating. Our analysis in this paper is the first attempt to apply the 21cm fluctuations from the minihalos to the axions
in the post PQ symmetry breaking scenarios, and the further studies including more detailed numerical simulations
are warranted.
Before concluding our discussions, let us show, for the consistency of the axion model parameters, the axion decay
constant fa as a function of ma0 in Fig. 9 which satisfies Ωah
2 = 0.12 so that the axion makes up the whole dark
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FIG. 8: 1σ error σ(kosc)/kosc[%] as a function of a fiducial value kosc[/Mpc]. Ωa/ΩCDM = 0.1.
matter of the Universe (the fractional axion dark matter scenarios can be studied by a simple scaling of fa because
f2a ∝ Ωa/ΩCDM ).
We estimated the current axion energy density as ρa(Tnow) = ma0na(Tnow), where the current axion number density
is related to that when the axion oscillation starts by a scale factor na(Tnow) = na(Tosc)(R(Tosc)/R(Tnow))
3. fa can
be obtained from na(Tosc) = ρ(Tosc)/ma(Tosc) with ρa(Tosc) = ma(Tosc)
2f2aθ
2/2.
Let us briefly discuss the implication of these values of fa required for the consistent scenarios.
We assumed the post-inflation scenarios where the large isocurvature perturbations can arise due to the random
axion field values in the causally disconnected Hubble patches. This assumption implies that the PQ symmetry
breaking occurs after the inflation or, if it is broken during the inflation, the symmetry is restored after the inflation
and broken afterwards. The former scenarios require the PQ symmetry breaking scale fa is at most the Gibbons-
Hawking temperature scale during the inflation TGH = HI/(2π) [84, 85] (the subscript ‘I’ represents the inflation
epoch), which leads to fa . 10
13GeV assuming the slow-roll inflation with r < 0.07, As ∼ 2 × 10−9 [86]. The latter
scenarios with a symmetry restoration for a larger fa can be realized by the large thermal fluctuations due to the
maximum temperature after the inflation exceeding fa and also by the non-thermal fluctuations due to the parametric
resonance [32, 33, 87–94]. For instance, the standard simple estimation of the maximum temperature which is attained
during the reheating (this maximum temperature of the thermal bath can be much larger than the temperature at
the beginning of the radiation-domination epoch TRH ∼ (90/8π3g∗)1/4 referred to as the reheating temperature) is
Tmax ∼
√
TRHEI (EI represents the energy scale of inflation) [91, 92, 95]. A large fa exceeding an aforementioned
upper bound 1013 GeV can be possible for an efficient reheating process after the inflation even under the condition
EI . 10
16 GeV required from no observation of the primordial tensor modes [86]. We also add that the required value
of fa for the desired axion dark matter abundance can be lower by an order unity factor by taking account of the
anharmoinc effects, which is due to the deviation from the quadratic potential approximation delaying the onset of
oscillations [26, 96–98]. The estimation of axion dark matter abundance can also be affected by an order unity factor
due to the contribution of axions from the decay of topological defects, and the detailed numerical study of axion
string-wall networks would be worth the further investigation [75, 76, 99–102]. We leave the concrete inflation model
building along with the exploration for the subsequent phenomenology for the future work.
In this paper, we studied the future prospects of the 21cm fluctuation observations on the axion dark matter in
the post-inflationary PQ symmetry breaking scenarios. A key feature for such a scenario is the existence of the large
axion isocurvature perturbations at smalls scale which is still allowed by the current data. The enhancement of the
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FIG. 9: The axion decay constant fa for Ωa/ΩCDM = 1 as a function of the zero temperature axion mass ma0.
small-scale fluctuations can significantly affect the small scale structure formation, and we calculated the abundance
of the small halos and demonstrated the 21cm emission signals from those minihalos can probe the axion mass up to
ma ∼ 10−13 eV for the temperature independent axion mass. The actual axion mass bound depends on the axion
models (for instance we found the axion mass is detectable up to ma ∼ 10−8eV for the temperature dependent axion
mass (n = 10 case in our discussions)), and the more realistic UV completion of the axion models as well as the
inflation models for the consistent scenarios with a large axion decay constant would deserve the further study.
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